Aims/hypothesis The evidence on the association between pioglitazone use and bladder cancer is contradictory, with many studies subject to allocation bias. The aim of our study was to examine the effect of exposure to pioglitazone on bladder cancer risk internationally across several cohorts. The potential for allocation bias was minimised by focusing on the cumulative effect of pioglitazone as the primary endpoint using a time-dependent approach.
Introduction
Bladder cancer is the ninth most common cancer in the world, with 430,000 new cases diagnosed in 2012. Europe and North America have the highest incidence of bladder cancer, with a higher incidence in those with diabetes [1, 2] . Peroxisome proliferator-activated receptor gamma (PPARγ) is a nuclear transcription factor which, in addition to being expressed in normal urothelium, is overexpressed in bladder tumours [3, 4] . Pioglitazone and rosiglitazone are thiazolidinediones (TZDs) which act as PPARγ agonists and are used in the treatment of type 2 diabetes. Their use, however, has been questioned owing to safety concerns. In preclinical studies, exposure of male rats to pioglitazone was associated with an increased risk of bladder cancer [5] . In 2005, the ProActive trial (a large European randomised controlled trial evaluating the effects of pioglitazones on cardiovascular outcomes) found a nonsignificant increase in the incidence of bladder cancer in the pioglitazone-treated group: 14 (0.5%) cases compared with 6 (0.2%) in controls [6] . Re-analysis excluding cases occurring within 1 year of study so as to improve biological plausibility identified six cases in the pioglitazone group and two in the placebo group [7] .
Based on these studies, the US Food and Drug Administration (FDA) commissioned the manufacturer to carry out a 10 year observational cohort study to further examine this risk. An initial mid-term analysis showed that two or more years of cumulative exposure to pioglitazone were associated with an increased risk of bladder cancer [8] . Around the same time, a similar increase in risk was observed in a French cohort [9] , which led to the withdrawal of pioglitazone from France and Germany. The FDA issued a recommendation in 2010 that pioglitazone should be avoided in patients with bladder cancer and prescribed with caution in patients with previous bladder cancer [10] . The European Medicine Agency extended this to patients with uninvestigated macroscopic haematuria [11] .
Since these cautions, several studies and meta-analyses of published data have reported contradictory results [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . This may result from issues associated with observational study design, including limited sample size and a lack of attention to potential biases such as cancer ascertainment bias, immortal time bias, and the effects of diabetes duration and glycaemic control [25, 26] . There are only two reported cohorts with over 1,000 cases of bladder cancer; therefore, achieving an adequate sample size can be a challenge in observational studies [9, 16] . Allocation bias is very difficult to eradicate from observational pharmacoepidemiology studies, even with extensive covariate adjustment and propensity score analyses. Those who are given a prescription can differ from those who are not in subtle unmeasured ways which can be related to the risk of the outcome. We previously argued that analysis of the cumulative effect of a drug on outcome in models that also include time-dependent covariate adjustment for ever vs never use is one way to avoid such between-person allocation bias [27] . While some of the analyses on pioglitazone until now have reported bladder cancer risks by increasing cumulative exposure, they did so by reporting rate ratios (RR)s compared with those who were never exposed [8, 9, 16] . This approach, however, does not prevent allocation bias.
The aim of our study was to address the limitations of previous observational studies by measuring the effect of exposure to pioglitazone on bladder cancer risk across several cohorts. This was done by pooling data to increase sample size in an aggregate-level analysis using the same methodology in which we explicitly set out to focus on cumulative effects as the primary exposure, adjusting for ever usage in a timedependent approach.
Methods
Overview Analyses were conducted in six populations (British Columbia, Finland, Manchester, Rotterdam, Scotland and the UK Clinical Practice Research Datalink [CPRD]), using identical methods for formatting and analysing the data; results were combined using fixed effects meta-regression. By specifying a common data format, preparing generic scripts to be run by each centre to both analyse its data and obtain sufficient statistical output for the metaanalysis, de facto data sharing was achieved while governance requirements were satisfied. Ethical approval was obtained by each centre from their respective authorities.
Selection of participants and person time for inclusion into the models In each centre, anyone with type 2 diabetes at any time since the introduction of TZDs in that centre (circa 1999) was considered for inclusion. Thus, the analysis included both prevalent and incident cases of diabetes. There was no age restriction for inclusion in the study. Anyone known to have had bladder cancer prior to the entry date of diagnosis of diabetes was excluded and anyone whose cumulative exposure to TZDs could not be evaluated was excluded. That is, persons were excluded if they had diabetes at any time from the date of TZD introduction onwards but had a period of diabetes of 1 year or more when their drug data were not captured. In practice, this means that all TZD users in the analysis were incident or very recent users. If diabetes ascertainment was unclear, then at least 1 year of diabetes from the presumed date of onset without being on any glucose-lowering drugs had to have elapsed to be considered evaluable for subsequent cumulative exposure to TZD or other drugs. This condition was set to limit these study entrants to probable cases of incident diabetes. For models in which we further adjusted for other glucose-lowering drugs, anyone whose cumulative exposure to those drugs could not be evaluated was excluded. In practice, this means that anyone with diabetes preceding the availability of their drug data by 1 year or more was excluded from these models, but those with retrospective data or drug exposure throughout their diabetes were included.
Using prescription data, we defined all periods of exposure to TZD, metformin, insulin and sulfonylurea for each patient. We defined follow-up for the analysis as the date of introduction of TZDs in that centre until the latest date for which data were available. For each individual the date of entry into the analysis was the latest of the following three dates: the first date under observation for drug prescribing, the date of diabetes diagnosis or the date of TZD introduction at that centre. The exit date was defined as the earliest of the date of event, the date of death, the last date under observation for drug prescribing or the last date under observation for cancer events.
Data preparation for modelling and calculation of exposure The follow-up period was divided into discrete intervals of 28 days, with occurrence of a cancer of interest in any interval being scored as a binary variable. A data matrix was generated, with one row for each individual under observation and columns specifying event status (coded as binary) at end and covariate values at the beginning of each 28 day interval. A series of models were constructed, each with a minimal-to-full set of covariates. Covariates consisted of sex, age, diabetes duration, calendar year, BMI, smoking (current, past or never), and both time updated ever exposure and cumulative exposure to each drug of interest. For each drug class, cumulative exposure at the start of each interval was calculated as the sum of all earlier intervals in which a drug prescription was current. The exposure duration was calculated from the first and last dates of a run of repeat prescriptions at a given dose plus the duration of the last prescription in that run. Gaps between runs of repeat prescriptions did not accumulate exposure. Following drug cessation, the cumulative number of days of exposure at cessation was carried forward in subsequent time intervals.
Events Cancer data were obtained from either validated cancer registries based on primary care read codes or clinician validated review of pathology and medical records (see electronic supplementary material [ESM] Methods). Bladder neoplasms ranged from malignant neoplasm of the bladder, carcinoma in situ and neoplasms of uncertain behaviour. Our prespecified primary endpoint was malignant neoplasm using WHO ICD-10 (www.who.int/classifications/icd/en/) codes C67.0-C67.9. Only the first event was considered.
Statistical methods The effects of cumulative exposure were evaluated using a discrete time survival model [28, 29] . This was set up as a Poisson regression model in which each individual contributed one observation for each 28 day interval between their entry and exit dates. The model included age, diabetes duration, calendar year, and cumulative and ever exposure times to one or more drugs under study. Some models were further adjusted for BMI and smoking (where these data were available). The main cumulative effect measure was assumed to be linear. An alternative categorical variable for pioglitazone cumulative exposure (<1, 1-2 and ≥2 years) was also examined. The models were run separately for each sex. Although there is no evidence to suggest that other glucoselowering drugs are causal or protective in bladder cancer, we considered it important to rule out any potential confounding by other glucose-lowering drugs since the prevalence of their use varies between those ever and never exposed to TZDs. We also therefore evaluated the effects of other glucose-lowering drugs and covariates by including terms for ever exposure and time-dependent cumulative exposure to sulfonylureas, metformin and insulin, as well as time-dependent terms for time since diagnosis of diabetes. One way to be certain that an estimate of a drug's causal effect cannot be due to such confounding is to model the data with two time updated terms in the model: a binary term for ever exposure up to that time point and a continuous term for cumulative exposure. The ever exposure term contrasts the rate in unexposed person time periods with the predicted rate in person time periods when exposure has just started. It is the sum of any stepwise (immediate) effect of drug exposure on the event, the confounding effect of timeinvariant frailty (i.e. allocation bias) and any reverse causality (where effects of an as-yet undiagnosed tumour leads to the drug of interest being prescribed for the first time). Inclusion of the ever exposure term results in the cumulative exposure term being independent of unexposed person time intervals within the likelihood equation, and is therefore unaffected by allocation bias. We then focused the inference of causality on the cumulative term [27] .
Meta-analytic method Using R Metafor software (www. metafor-project.org/doku.php/installation), a fixed effects model was applied to the individual centre coefficients for ever and cumulative exposure effects. Heterogeneity of effects was measured using the Q test to determine the need for a random effects model, which was performed where the p value was ≤0.05.
Sensitivity analysis Sensitivity of the results was checked by running three groups of models with nested covariates. In addition, the main exposure of interest, pioglitazone, was compared with an equivalent model in which it was replaced with the other commonly used TZD, rosiglitazone. Further models used lagged exposure times (1 and 2 year lagging) and expanded neoplasm categories: all three neoplasm ICD-10 codes C67, D09.0 and D41.1 for the bladder and the combination of malignant neoplasms of bladder, ureter and renal pelvis. Additional analyses combined models that included adjustment for smoking in centres where smoking data were available (complete in Manchester, Rotterdam and Scotland; unavailable in British Columbia and Finland). To further investigate the potential confounding of pioglitazone exposure with smoking (due to smoking data being unavailable in British Colombia and Finland), we specified an analysis with lung cancer as the outcome (ICD-10 C34.0-C34.9). Since pioglitazone exposure is not thought to cause lung cancer, any association of ever or cumulative exposure to pioglitazone with lung cancer incidence would indicate that smoking might confound other pioglitazone outcome associations. Given the size of the CPRD dataset and that events in that dataset were not from cancer registry data, we conducted a sensitivity analysis excluding that dataset.
Results
Descriptive data Data were collected over all centres for 1.01 million persons over 5.9 million person-years. Characteristics for individuals at study entry for each centre are shown in Table 1 . The median age at entry in each centre varied from 60 to 64 years across the cohorts. All centres had the same difference in median age at entry between persons ever exposed and never exposed to pioglitazone; those ever exposed had a median age at entry 6 years lower than those never exposed (not shown). Table 2 summarises the person time and bladder cancer events and rates for each centre by sex and pioglitazone exposure status: 3.7% of person-years and 3.6% of the events occurred after exposure to pioglitazone. The median follow-up duration varied from 4.0 to 7.4 years ( Table 2 ). There were 3,248 incident bladder cancer (ICD-10 C67) events and 5,262 bladder neoplasms (ICD-10 C67, D09.0 and D41.4). The overall incidence of bladder cancer ranged from 46.4 to 80.8 cases per 100,000 person-years. Rates were substantially lower in women than in men (29.0/ 100,000 person-years at risk vs 90.7/100,000 person-years at risk). Overall, there were just 117 bladder cancers and 204 bladder neoplasms in those ever exposed to pioglitazone by the end of follow-up. There were 22 ever exposed bladder cancers in 22,505 patient-years, with a cumulative exposure of 2-3 years and 10 cases in 26,004 patient-years with a cumulative exposure of >3 years.
The exact date of diabetes diagnosis was known for 61% of participants. Models adjusting for smoking and BMI among its covariates excluded these variables for cohorts from Finland and British Columbia because no data on BMI or smoking were available for these centres. Thus, only partial adjustment for smoking could be achieved. Figures 1 and 2 show forest plots by centre, with an overall estimate of the cumulative effect of pioglitazone on bladder cancer. Figure 1 is adjusted for age, calendar year and ever exposure to pioglitazone. Figure 2 includes further adjustment for diabetes duration and smoking (where available). The direction of effect varied between populations but was not significant within any population; overall, there was no evidence of any association. The additional covariate adjustment made no difference to these results (Fig. 2) . Furthermore, there was no evidence for an association with ever exposure in men or women (Fig. 3) . Further adjustment for prior exposure to other glucose-lowering drugs in the populations in which these data were available did not alter the RR for cumulative exposure or ever vs never exposure to pioglitazone: men, RR per 100 days cumulative exposure 1.00 (95% CI 0.95, 1.05) pre-and post-adjustment; women, RR per 100 days cumulative exposure 1.03 (95% CI 0.96, 1.11) preadjustment, 1.03 (95% CI 0.95, 1.10) post-adjustment. There was no evidence for an association between cumulative exposure to any other class of diabetes drug and bladder cancer (data not shown). Prior exposure to other glucose-lowering drugs was lower in the Manchester cohort than in other centres. However, omitting this centre from the metaanalysis had no impact on the results.
Meta-analyses
A model in which linear pioglitazone exposure was replaced with categorical cumulative exposure (<1, 1-2 and >2 years) gave men RRs of 1.52 (95% CI 0.92, 2.52) for 1-2 vs <1 year cumulative exposure, and 1.27 (95% CI 0.74, 2.16) for >2 vs <1 year. For women, the RRs were 2.1 (95% CI 0.56, 7.77) and 2.36 (95% CI 0.72, 7.72) for 1-2 and >2 years, respectively.
The same trends were obtained in the sensitivity analysis excluding CPRD data. Sensitivity analyses combining all malignant neoplasms of the bladder, carcinoma in situ of the bladder and neoplasms of uncertain behaviour of the bladder did not show any significant effects of cumulative days of exposure (RR per 100 days in men 1.01 [95% CI 0.98, 1.04]) or ever use vs never use of pioglitazone (RR per 100 days in men 1.19 [95% CI 0.94, 1.51]). Further sensitivity analyses combining malignant neoplasm of bladder, ureter and renal pelvis did not reveal any associations (data not shown).
There was no evidence for any residual confounding by smoking in that there were no significant cumulative or ever exposure effects in the lung cancer model without smoking adjustment: RR 0.99 (95% CI 0.96, 1.03) for male cumulative exposure and RR 1.01 (95% CI 0.98, 1.04) for female cumulative exposure.
Q tests showed evidence of heterogeneity in the effects of cumulative and ever exposure to pioglitazone in some of the models (see Figs 1 and 2 for cumulative exposure models in men). In cases with heterogeneity, random effects models showed that significance and conclusions were unchanged. Models were repeated to evaluate rosiglitazone exposure (Fig. 4) . There was no significant effect of rosiglitazone exposure on bladder cancer.
Discussion
In this pooled, aggregate-level analysis across multiple populations in several different countries, we found no significant association between cumulative exposure to pioglitazone and EE, ever exposed to pioglitazone; NE, never exposed to pioglitazone bladder cancer when using methods to minimise allocation bias. The contradictory directions of ever exposure effects between centres suggest inter-centre differences in the profiles of patients treated with the drug. In addition, there was no relationship between rosiglitazone and bladder cancer. Our study has a number of strengths. Most observational pharmacoepidemiological studies are limited by allocation bias. Comparisons of event rates between ever users and never users of a drug are likely to be confounded by 'frailty', that is, those prescribed and those not prescribed the drug may differ in their prior susceptibility to bladder cancer. Such 'allocation bias' or 'confounding by indication' cannot be reliably dealt with by simple adjustment for measured covariates such as past medical history. Another important aspect of our analysis is that we considered exposure to other glucose-lowering drugs in the models, something that many other studies have not done.
Alternatively, examining cumulative effects of pioglitazone in exposed persons only would avoid allocation bias. However, this would preclude the simultaneous evaluation of several exposures to glucose-lowering drugs with different start dates, as well as discarding information relevant to other covariate effects. Our approach of focusing on cumulative exposure but using time-dependent adjustment for ever usage avoids between-person allocation bias while maximising the use of covariate data. It also allowed us to check whether exposure to any other glucoselowering drug might confound an association between pioglitazone and bladder cancer. A further important advantage of our approach, which contrasts with previous studies, is that we included data from a number of countries worldwide using the same methodology to analyse the data from each countries, thereby increasing the size of our cohort, while limiting heterogeneity. Fig. 1 Association of cumulative days of exposure (per 100 days) to pioglitazone with bladder cancer incidence within centres and combined across centres in (a) men and (b) women, with adjustment for age, calendar year, and ever exposure to pioglitazone (log e -transformed axis and whiskers). (a) The absence of ever exposure events in Rotterdam prevented convergence and hence is excluded from the plot. (b) The absence of ever exposure events in Manchester prevented convergence and hence is excluded from the plot. B. Columbia, British Columbia; Exp., exposed; FE, fixed effects; RE, random effects; Unexp., unexposed Limitations of our study include the short follow-up time. Our study includes more exposed cases compared with other reports, but the actual numbers remain relatively small. Compared with other reported observational studies, our cohort had a long follow-up (4.0-7.4 years), but of course further studies involving a longer exposure to pioglitazone would be desirable. However, to obtain robust results and allow for a reasonable interval between pioglitazone exposure and cancer development, we consider that a 10 year follow-up would be needed to rule out an association. A further limitation is that our data are mainly limited to white Europeans, with an absence of other ethnicities, and there is a lack of complete data on BMI and smoking across the centres. In addition, we did not include a French population in our study as our aim was to replicate previous findings made in a French population in other cohorts. We were not able to adjust for proteinuria testing, which may lead to detection bias [30] , nor for confounders such as kidney disease and urinary tract infection [31] . A further minor limitation was the possibility that the same individuals were included in both the CPRD and Manchester cohorts (Scottish data was removed from CPRD data). However, removing the Manchester cohort from the meta-analysis had no impact on the results.
The rates of bladder cancer observed in our study were in keeping with the international statistics on population rates of bladder cancer [32] . The higher incidence in British Columbia compared with the European centres is consistent with the known higher rates in North America compared with Europe [2] . Observational studies examining the risk of bladder cancer and pioglitazone have yielded contradictory results. These studies varied in size and design, but all were prone to inappropriate causal inference and potential confounding. Table 3 summarises the characteristics of such studies. Most include a small number of exposed cases. Three studies include a comparable number of exposed cases to ours, but have contradictory results [8, 9, 16] . Neumann et al reported that pioglitazone was significantly associated with a risk of bladder cancer in men in a French cohort study. This cohort included almost 1.5 million diabetic patients from France, with 175 cases of bladder cancer in patients exposed to pioglitazone and a Fig. 2 Association of cumulative days of exposure (per 100 days) to pioglitazone with bladder cancer incidence within centres and combined across centres in (a) men and (b) women, with adjustment for age, calendar year, diabetes duration, smoking (where available) and ever exposure to pioglitazone (log etransformed axis and whiskers). (a) The absence of ever exposure events in Rotterdam prevented convergence and hence is excluded from the plot. (b) The absence of ever exposure events in Manchester prevented convergence and hence is excluded from the plot. B. Columbia, British Columbia; Exp., exposed; FE, fixed effects; RE, random effects; Unexp., unexposed median follow-up of 3.1 years [9] . In our study, both male and female effects varied between centres, with no clear trend. Furthermore, the study by Neumann et al used never exposed participants as the reference group and did not adjust for smoking. In a Taiwanese nested case-control study, both pioglitazone and rosiglitazone were significantly associated with bladder cancer. This study included 3,412 cases of bladder cancer, with 153 patients exposed to pioglitazone. The mean follow-up was 3.6 years. Both pioglitazone and rosiglitazone were associated with an increased risk of bladder cancer; the risk increased with longer exposure to these drugs. However, most studies reported no association between rosiglitazone and bladder cancer, and a recent meta-analysis showed no pooled effect [33] . This finding, together with the use of never exposed participants as the reference group (and its inclusion in the test for trend), suggests that these results may be due to allocation bias. Once again, no adjustment was made for smoking. However, a mid-term analysis of an FDAcommissioned study of the Kaiser Permanente Northern California diabetes registry at 5 years showed no [20] Korea 2012 21 329 a Commissioned by the FDA association between bladder cancer and short-term pioglitazone use, but the risk increased slightly with the longest exposure period and highest cumulative dose [8] . This study included 193,099 cases, with 90 exposed patients. The authors recently suggested that proteinuria testing may have had a confounding effect in this cohort. They found that patients treated with pioglitazone were more likely than others to undergo proteinuria testing. They hypothesised that this could lead to early detection of asymptomatic haematuria, and thereby earlier bladder cancer detection [30] . Although these large studies measured cumulative exposure, they are still prone to allocation bias because they used never exposed patients as the control group. In addition to these single centre studies, there have been several meta-analyses of published data, which reported an increased risk of bladder cancer with pioglitazone use [13, 24, 33] . These are limited by the heterogeneity of the study methodology and the different combinations of confounders measured.
This analysis, to our knowledge, is the only one to use identical methodology across international centres involving a large number of diabetic patients. We have shown that even when the same methods are used, the ever use vs never use relationship varies between centres. This emphasises the high potential for allocation bias when using analyses that simply compare users with ever users and never users, and offers a possible explanation for the contradictory results in previous studies.
In summary, our large international analysis does not support a causal effect of pioglitazone on bladder cancer, thus contradicting previous studies deemed to have proven this relationship [30, 34] . To fully resolve this controversy, future analyses are needed, involving longer follow-up of exposed persons and using methods to minimise allocation bias. Fig. 4 Association of cumulative days of exposure (per 100 days) to rosiglitazone with bladder cancer incidence within centres and combined across centres in (a) men and (b) women, with adjustment for age, calendar year and ever exposure to rosiglitazone (log e -transformed axis and whiskers). (b) The absence of ever exposure events in Manchester prevented convergence and hence is excluded from the plot. B. Columbia, British Columbia; Exp., exposed; FE, fixed effects; Unexp., unexposed
